Bovine serum albumin (BSA) is one of the most widely used protein reagents in the scientific community, especially for surface passivation ("blocking") applications in various bioassays. Numerous BSA protein options are commercially available, however, there is scarce information about which ones are preferable for blocking applications.
"blocking" [3] [4] [5] [6] [7] . Among the various options, bovine serum albumin (BSA) is the most widely used protein reagent for blocking applications and has several practical advantages such as natural abundance, low cost, well-established purification methods, and broad availability.
BSA is regarded as a gold-standard blocking reagent in numerous bioassays, including enzymelinked immunosorbent assays (ELISA) 8, 9 , blots 10, 11 , immunohistochemistry 12, 13 , cell culture 14 , and biosensors 15, 16 . It is used as a coating to improve nanoparticle stability and biocompatibility 17, 18 , and is also commonly incorporated into buffer solutions to prevent the loss of precious materials such as nucleic acids, peptides, and enzymes 19, 20 .
Within this scope, an often-overlooked aspect of BSA as a blocking reagent is that there are many types of commercially available BSA that differ in terms of how the protein was isolated from bovine plasma, which is its principal natural source 21 . These processing differences relate to the choice of fractionation method and the use of chemical stabilizers, and such differences can cause significant variations in blocking performance in bioassays, even when comparing BSA reagents from the same company 22 . However, there is essentially no discussion in the scientific literature about what type(s) of BSA reagents are useful to pick for blocking applications, especially from a mechanistic perspective. Most blocking-related studies that investigate mechanistic details have only evaluated a single type of BSA and compare BSA adsorption and surface-induced conformational changes on different surfaces 23, 24 or investigate the effects of ionic strength 25 or BSA pretreatment 26 . However, the comparison of BSA proteins obtained through different purification methods remains unexplored despite being the greatest source of variability in BSA reagent options on the market. Furthermore, there is limited reporting of the type of BSA reagent that is used in most scientific publications; the supplier company is sometimes listed, but the catalog number of the reagent is rarely provided. As such, BSA reagent selection for blocking applications largely remains a matter of trial-and-error and laboratory precedent, and establishing an evidence-backed practical framework to guide BSA reagent selection is an outstanding need.
Herein, the objective of our study was to investigate the conformational, adsorption, and blocking properties of commercially available BSA reagents that were obtained through six purification methods, and to develop a practical framework to guide BSA reagent selection for blocking applications. Our findings provide mechanistic insights to explain why certain types of BSA reagents are favorable over other options, and also outline key functional criteria to develop improved versions of BSA and other protein reagents for blocking applications.
Results

Evaluation strategy
BSA reagents are widely used to coat target surfaces in order to form surface passivation coatings, which minimize the nonspecific binding of interfering biomolecules that can affect bioassay readouts. The target surface can be a bulk surface such as a glass coverslip or polymeric membrane, or a nanostructured surface such as an inorganic nanoparticle. In practice, an experimentalist will incubate the target surface with an aqueous BSA solution, whereby protein molecules noncovalently adsorb and undergo a conformational change ("denature") on the surface to form a thin film protein coating ( Fig. 1a) .
Based on this coating process, our evaluation strategy focused on characterizing the conformational, adsorption, and blocking properties of six commercial BSA reagents that were purified by different methods (Fig. 1b) . We employed a wide range of solution-phase and surface-sensitive biophysical measurement tools to characterize the BSA reagents along with surface-and nanoparticle-based bioassay application testing. This approach allowed us to not only directly compare the functional performance of different BSA reagents in blocking applications, but to also obtain key mechanistic insights into how subtle differences in the conformational properties of proteinsas influenced by the processes involved in each Figure 1. Evaluation of BSA protein reagents for blocking applications. a, Overview of basic steps in BSA blocking protocols. (i) A target surface is identified to coat with BSA for surface passivation ("blocking"). (ii) BSA proteins in aqueous solution are incubated with the target surface. (iii) BSA proteins adsorb and denature on the target surface. (iv) A washing step is performed to remove weakly bound BSA protein molecules. (v) A firmly attached monolayer of adsorbed BSA protein molecules is formed on the surface. b, Overall experimental strategy to analyze BSA reagent properties. A series of BSA protein reagents, which were purified by different methods, were selected and their conformational, adsorption, and blocking properties were evaluated. A series of solution-phase and surface-sensitive biophysical measurement approaches were employed along with surface-and nanoparticle-based bioassays. c, Outline of purification routes to isolate BSA protein molecules from bovine plasma. Fatty acid-containing BSA proteins (referred to as "fatted") were prepared by (1) cold ethanol fractionation, (2) heatshock fractionation, and (3) cold ethanol fractionation followed by heat-shock fractionation and these reagents are designated as BSA 1, 2, 3, respectively. Fatty acid-free versions (referred to as "defatted") of BSA 1, 2, 3 were also prepared and are designated as BSA 4, 5, 6, respectively. purification methodaffect protein adsorption, surface-induced denaturation, and resulting blocking performance.
We selected six commercial BSA reagents that were purified through three different fractionation routes, without or with a fatty acid removal step ( Fig. 1c and Supplementary   Table 1 ). The fractionation step is necessary in order to separate BSA from other serum components and there are two main options: cold ethanol fractionation and heat-shock fractionation. Briefly, cold ethanol fractionation involves reducing the sample temperature to approximately -5 °C followed by the addition of ethanol and adjusting the solution pH and ionic strength in order to isolate BSA protein [27] [28] [29] . By contrast, heat-shock fractionation involves heating the sample (typically to ~60 °C or slightly higher) in order to isolate BSA protein and is conducted in the presence of a fatty acid stabilizer (caprylic acid) [30] [31] [32] . These two fractionation processes can be completed alone or sequentially (cold ethanol, then heat-shock).
After the fractionation step(s) is completed, purified BSA reagents are obtained.
Notably, at this stage, all of the BSA reagents still contain fatty acids that were either naturally bound or were added as a stabilizer 33 . We tested fatty acid-containing BSA reagents (referred to as "fatted") that were prepared by (1) cold ethanol fractionation, (2) heat-shock fractionation, and (3) cold ethanol fractionation followed by heat-shock fractionation and these reagents were designated as BSA 1, 2, 3, respectively. To remove fatty acids, an extra processing step is required, which involves the addition of activated charcoal followed by adjusting solution pH and temperature 34 . We also tested the fatty acid-free versions (referred to as "defatted") of BSA 1, 2, 3 and they were designated as BSA 4, 5, 6, respectively. In total, six different BSA reagents were tested consisting of three fatty acid-containing (1-3) and three fatty acid-free (4-6) versions.
Thermal stability of fatted and defatted BSA proteins
Like other globular proteins, BSA folds in aqueous solution in order to minimize its conformational free energy. The folding pathway is dictated by the net balance of stabilizing and destabilizing forces, and the resulting folded structure is typically only a few kcal/mol lower in free energy than the unfolded amino acid chain 35 . Thus, subtle differences in the purification methodsuch as the fractionation route, thermal history, and fatty acid contentcan have important consequences on the conformational free energy of BSA protein molecules.
Such effects can manifest themselves by influencing the thermal stability of proteins in the solution phase as well as by modulating adsorption and surface-induced denaturation profiles on a target surface.
As a first step, we investigated the thermal stability of the different BSA reagents by conducting dynamic light scattering (DLS) and circular dichroism (CD) spectroscopy experiments ( Fig. 2a) . The experiments were conducted in temperature-controlled measurement chambers, starting at 25 °C and the temperature was gradually raised in 5 °C increments. The DLS technique measures the size distribution of protein molecules in bulk solution and could detect the onset of temperature-induced protein oligomerization, as indicated by a marked increase in the average hydrodynamic diameter. The size increase occurs when thermally denatured protein monomers re-assemble into oligomeric structures 36 . A higher onset temperature indicates greater thermal stability and vice-versa. On the other hand, the CD spectroscopy technique identifies the secondary structure characteristics of protein molecules in bulk solution, and we tracked the decrease in α-helical character with increasing temperature due to protein unfolding.
Across the temperature range of 25 to 55 °C, the DLS data showed that all six BSA proteins have ~8-nm diameter, which agrees well with the expected size of BSA monomers 25, 26, 37, 38 (Fig. 2b and Supplementary Fig. 1 ). At 60 °C, a marked increase in the sizes of defatted BSA proteins (4-6) was detected, with average diameters around 20 nm that indicated the onset of protein oligomerization. By contrast, the sizes of fatted BSA proteins (1-3) remained stable and did not increase at 60 °C. At 65 °C, the sizes of the defatted BSA proteins (4-6) increased to around 45 nm diameter and the onset of protein oligomerization occurred for one of the fatted BSA proteins (1), with an average diameter around 35 nm. By contrast, the onset temperatures for the other fatted BSA proteins (2) and (3) were 70 and 75 °C, respectively. By extending the incubation time to 2 hours and fixing the temperature at 60 °C, it was verified that defatted BSA proteins are prone to more rapid and extensive oligomerization while fatted BSA proteins are more thermally stable ( Supplementary Fig. 2 ).
Thermally induced oligomerization of BSA molecules is triggered by irreversible conformational changes in the protein structure once there is a critical degree of protein unfolding and corresponding loss of α-helical character. The CD spectroscopy data showed that all six BSA proteins exhibited around 60-63% α-helical character at 25 °C, followed by a progressive decrease in α-helical character with increasing temperature 25, 26, 39, 40 (Fig. 2c and Supplementary Figs. 3,4 ). Both reversible conformational changes (below the onset temperature of oligomerization) and irreversible conformational changes (at and above the onset temperature) contribute to protein unfolding so we compared the helicity data at 65 °C.
All three defatted BSA proteins sample (4-6) had helical percentages below 50% on average, while all three fatted BSA protein samples (1-3) had helical percentages above 51% on average (Supplementary Table 2 ). More pronounced differences in helicity were observed at 70 °C, and mirroring the DLS data, the findings also support that, among the fatted BSA samples, BSA protein (1) had the lowest helical percentage and hence, lowest thermal stability. The relatively low thermal stability of BSA protein (1) is consistent with its processing by cold ethanol fractionation alone, and thus only natural fatty acids are bound in the absence of additional fatty acid stabilizer (as used in heat-shock fractionation). Collectively, the DLS and CD spectroscopy findings demonstrate that fatted BSA samples have greater thermal stability than defatted BSA samples, supporting that the conformational free energy of fatted BSA samples is lower than defatted BSA samples.
Adsorption behavior of fatted and defatted BSA proteins
These findings led us to investigate the adsorption properties of BSA proteins on hydrophilic silica surfaces ( Fig. 3a) . When a protein with higher conformational energy adsorbs onto a solid surface, it is expected to undergo greater unfolding and spreading on the surface due to entropic gains while other factors such as protein-surface and protein-protein interactions also affect the outcome 41, 42 . We conducted quartz crystal microbalance-dissipation All six BSA proteins adsorbed onto the silica surface and the QCM-D frequency signals indicated monotonic adsorption kinetics ( Fig. 3b) . Most adsorbed protein molecules were bound irreversibly as judged by a buffer washing step. In general, there were larger |Fmax| shifts of around 35 to 45 Hz for defatted BSA proteins (4-6), indicating greater adsorption ( Fig.   3c ). By contrast, there was less adsorption of fatted BSA proteins (1-3), as indicated by |Fmax| shifts around 15 to 35 Hz. The corresponding QCM-D energy dissipation signals also indicated monotonic protein adsorption and some degree of viscoelastic character within the adsorbed protein layer (Fig. 3d) . Viscoelastic model fitting estimated that the protein adlayers have effective thicknesses on the order of 3-6 nm, which corresponds to a single layer of adsorbed protein molecules ( Supplementary Fig. 5 ). After a buffer washing step, the remaining bound protein molecules exhibited a more rigid arrangement. Further analysis of the |Fmax/Dmax| ratio revealed that adsorbed protein layers from defatted BSA proteins (4-6) were more tightly bound to the silica surface, which is consistent with lower conformational stability (in solution) and greater surface-induced denaturation ( Fig. 3e and Supplementary Fig. 6 ). On the other hand, fatted BSA proteins (1-3) exhibited greater viscoelastic character indicative of less surface-induced denaturation.
To corroborate the QCM-D results, we also performed localized surface plasmon resonance (LSPR) experiments to measure BSA protein adsorption onto silica-coated surfaces.
While the QCM-D technique is sensitive to adsorbed protein mass and hydrodynamicallycoupled solvent mass, the LSPR technique detects the wavelength shift () that is associated with changes in local refractive index near the sensor surface and the measurement signal is only sensitive to the adsorbed protein mass (not coupled solvent) 38 . In LSPR experiments, the  shift is tracked as a function of time, whereby a larger  shift indicates greater protein adsorption. For all six BSA proteins, a positive  shift occurred and monotonic adsorption kinetics were observed ( Fig. 3f) . After a buffer washing step, most protein molecules remained bound. Importantly, the max shifts showed that the defatted BSA proteins exhibited greater adsorption uptake than the fatted BSA proteins (~1.2 ± 0.2 nm vs. ~0.6 ± 0.2 nm), which agrees well with the QCM-D data (Fig. 3g) . Thus, defatted BSA proteins exhibited higher adsorption uptake and tighter adlayer packing, whereas fatted BSA proteins had lower adsorption uptake and weaker adlayer packing.
Adsorption-related protein conformational changes
To further compare the extent of surface-induced protein denaturation for each BSA protein, we analyzed the LSPR measurement data by computing the initial rate of adsorption uptake, which is denoted as (ddt)max ( Supplementary Fig. 7) . The LSPR technique is a highly surface-sensitive measurement approach and it is possible to relate the initial adsorption rate to the relative extent of surface-induced protein denaturation, whereby a larger initial rate is indicative of greater denaturation 40, 43 . Consequently, the LSPR data showed that defatted BSA proteins undergo more extensive surface-induced denaturation, as indicated by initial adsorption rates around 0.6-0.7 nm min -1 (Fig. 4a) . On the other hand, the initial adsorption rates for fatted BSA proteins were only around 0.2-0.3 nm min -1 , which indicate less surfaceinduced denaturation. . P values are reported for defatted BSA proteins (versus fatted BSA proteins from the same fractionation method) in a, and are separately reported for defatted BSA proteins in solution (versus fatted BSA proteins in solution from the same fractionation method) and for defatted BSA proteins in the adsorbed state (versus fatted BSA proteins in the adsorbed state from the same fractionation method) in b. Dots represent individual data points.
In addition, attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy measurements were performed to measure the change in BSA protein structure due to adsorption-related conformational changes. In general, in the solution phase, fatted BSA molecules had α-helicities around 63% while defatted ones had α-helicities around 60%, which agree with literature values 44, 45 (Fig. 4b, Supplementary Fig. 8 , and Supplementary Table   3 ). Upon adsorption, fatted BSA molecules underwent surface-induced denaturation and the fractional helicities decreased to around 53%, indicating a net helical loss of ~10%. By contrast, upon adsorption, defatted BSA molecules underwent greater surface-induced denaturation and the resulting fractional helicities were around 45%, which corresponds to a net helical loss of ~15%. Thus, multiple lines of experimental data support that defatted BSA molecules exhibit greater surface-induced denaturation than fatted BSA molecules. This finding is consistent with the lower conformational stability exhibited by defatted BSA molecules in solution, and supports that decreased conformational stability of a solution-phase protein translates into more pronounced denaturation in the adsorbed state.
Surface coating application performance
As numerous applications of BSA protein molecules are linked to their role as surface coatings, we next investigated the application performance of the six BSA samples in surfaceand nanoparticle-based bioassays. We first measured the blocking efficiency of adsorbed BSA coatings to inhibit serum biofouling on silica surfaces ( Fig. 5a and Supplementary Fig. 9) . A bare silica surface was first coated with BSA protein molecules before incubation of the BSAcoated surface in 100% fetal bovine serum (FBS) for 30 min, followed by a washing step. The resulting amount of serum biofouling on the BSA-coated silica surface was evaluated by the QCM-D technique. The blocking efficiency of the BSA coating was calculated based on the degree to which serum biofouling was inhibited. It was determined that defatted BSA proteins outperformed fatted BSA proteins, and defatted BSA proteins (5) and (6) had around 90% blocking efficiency (Fig. 5b) . On the other hand, fatted BSA proteins (1) and (3) demonstrated less than 40% blocking efficiency. These findings are consistent with greater adsorption uptake and higher packing density of adsorbed, defatted BSA protein molecules. Similar performance results were also obtained when fatted and defatted BSA proteins were tested in Western blot experiments involving a nitrocellulose membrane surface (Supplementary Figs. 10-12 and Supplementary Note 1).
We also tested the blocking performance of BSA coatings on silica nanoparticles to inhibit nanoparticle-induced complement activation, which is an acute immune response that can occur in human serum (Fig. 5c) [46] [47] [48] [49] . Using an enzyme-linked immunosorbent assay (ELISA), we measured the degree of protection which BSA coatings conferred against nanoparticle-induced complement activation, as judged by the amount of SC5b-9 protein biomarker in solution ( Fig. 5d and Supplementary Fig. 13 ). Greater SC5b-9 protein concentrations indicate more extensive complement activation and conversely nanoparticles with more protective coatings would trigger lower SC5b-9 protein concentration levels compared to bare nanoparticles. Experimentally, it was determined that defatted BSA coatings inhibited more than 60% of SC5b-9 generation, whereas the fatted BSA coatings exhibited 40% or less protection efficiency. This finding supports that defatted BSA coatings are superior to fatted BSA coatings to protect against nanoparticle-induced complement activation. Thus, across the surface-and nanoparticle-based assays, defatted BSA proteins exhibited better functional performance than fatted BSA proteins.
Discussion
Our experimental findings demonstrate that defatted BSA proteins exhibit distinct conformational and adsorption properties from fatted BSA proteins, and these differences lead to significant variations in blocking performance. Overall, the data point to the central role of fatty acid molecules in affecting BSA structure and function. To verify the effect of fatty acids, we also doped defatted BSA with caprylic acid, thereby converting the defatted protein into a fatted protein. Caprylic acid addition led to markedly enhanced conformational stability along with decreased adsorption uptake and denaturation and consequently poorer blocking performance (Supplementary Figs. 14-23, Supplementary Tables 4-5 , and Supplementary Note 2). Mechanistically, the enhanced conformational stability of fatted BSA proteins can be understood through the insertion of caprylic acid molecules (via hydrophobic tails) into hydrophobic pockets on the molecular surface of BSA proteins, which confers a net stabilizing effect on protein structure 50, 51 .
A less obvious but critically important effect of caprylic acid on BSA structure relates to the protein adsorption process itself (Fig. 6) . When a protein adsorbs onto a surface, the protein will typically undergo surface-induced denaturation and the extent of protein denaturation depends on a combination of factors, including the protein's intrinsic conformational stability and the magnitude of protein-surface interactions 42 . More denaturation causes greater protein spreading on the surface, which means that the contact surface area per adsorbing protein molecule is larger. As such, it is generally understood that greater spreading The presence of fatty acids leads to higher conformational stability in solution. b, Schematic illustration of fatted and defatted BSA protein molecules in the adsorbed state. Higher conformational stability of fatted BSA leads to less adsorptioninduced denaturation, greater protein-protein repulsion, and thus less well-packed protein coatings. On the other hand, the lower conformational stability of defatted BSA leads to greater adsorption-induced denaturation, less protein-protein repulsion, and thus more well-packed protein coatings. As a result, defatted BSA proteins form more effective surface passivation coatings that are more useful for blocking applications. However, the situation is more nuanced when comparing defatted and fatted BSA proteins because caprylic acid molecules not only enhance conformational stability but the protruding carboxylic acid headgroups of caprylic acid molecules also increase the negative surface charge character of BSA protein molecules. Fatted BSA proteins have greater conformational stability and thus undergo less surface-induced denaturation in the adsorbed state. Nevertheless, while fatted BSA proteins have a smaller contact surface area per molecule, the maximum surface density of adsorbed protein molecules in this case is limited by repulsive electrostatic interactions between nearest-neighbor protein molecules.
On the other hand, defatted BSA proteins have lower conformational stability and denature to a greater extent in the adsorbed state. Consequently, defatted BSA proteins undergo greater spreading and have a larger contact surface area per adsorbed molecule. However, the maximum surface density of adsorbed proteins in the defatted BSA case is still higher than in the fatted BSA case because there are less repulsive protein-protein interactions between adsorbed, defatted BSA molecules. Hence, defatted BSA proteins are useful to form passivation coatings for two main reasons. First, they have lower conformational stability that permits greater denaturation and spreading in the adsorbed state. Second, the absence of fatty acid molecules in defatted BSA proteins permits more favorable protein-protein interactions that support the formation of close-packed, adsorbed protein layers on target surfaces.
Taken together, our findings support that it is preferable to use fatty acid-free BSA protein reagents for blocking applications across surface-and nanoparticle-based bioassays. In general, fatty acid-free BSA proteins outperformed fatty acid-stabilized BSA proteins largely independent of the fractionation route that was used in the purification stage. Mechanistically, we show that defatted BSA proteins are superior blocking reagents because they have lower conformational stability in solution, which translates into greater adsorption and surfaceinduced denaturation as well as tighter adlayer packing that collectively lead to superior passivation coatings. Depending on the assay specifics, additional consideration of BSA purity level (i.e., residual levels of one or more specific plasma components) can also be warranted, while fatty acid-free status is the main selection criteria to ensure optimal blocking properties.
Looking forward, our analytical approach outlines a series of important functional propertiessolution-phase conformational stability, adsorption uptake, surface-induced denaturation, and molecular packing within the protein coatingthat are important to take into account when evaluating protein-based reagents for blocking applications and can also guide the development of improved versions of BSA and other protein-based blocking reagents alone and as part of multi-component buffer solutions.
obtained from Fisher Scientific (Loughborough, UK) and 100-nm diameter silica nanoparticles (catalog no. SISN100) were obtained from nanoComposix (San Diego, CA, USA).
Sample preparation.
An aqueous buffer solution of 10 mM Tris, 150 mM NaCl, and pH 7.5 was prepared with Milli-Q-treated water (resistivity of >18.2 MΩ.cm at 25 °C) and filtered through a 0.2 µm polyethersulfone (PES) membrane filter (Thermo Fisher Scientific, catalog no. 595-4520). BSA solutions were prepared by dissolving lyophilized BSA powder in this Tris buffer and then filtering through a 0.2 µm syringe filter (catalog no. PN-4612; Pall Corporation, Port Washington, NY, USA). The molar concentrations of BSA proteins in aqueous buffer solution were determined by ultraviolet (UV) light absorption measurements at 280 nm and with a molar extinction coefficient value of 43,824 M -1 cm -1 . Where applicable, the addition of caprylic acid to BSA samples was conducted by first dissolving caprylic acid and sodium hydroxide into the Tris buffer in order to make a 50 mM caprylic acid solution at pH 7.5. The caprylic acid solution was then added to appropriate amounts of BSA solution in order to yield caprylic acid-doped BSA sample with a molar ratio of 10:1 caprylic acid:BSA. In addition, the Western blot running buffer was prepared by diluting 10× Tris/glycine/SDS buffer with water to 1× concentration, and the transfer buffer was prepared by diluting the 10× Tris/glycine buffer with water and methanol to 1× concentration and adding 20% (vol/vol) of methanol. The BSA-containing blocking solutions for Western blot experiments were prepared by first diluting 10× TBS with water, followed by the addition of Tween 20 to make a 1× TBS solution with 0.1% (vol/vol) Tween 20 (TBST). BSA was then dissolved in TBST to make a 3% (wt/vol) BSA blocking solution.
Dynamic light scattering. Dynamic light scattering (DLS) was employed to measure the average hydrodynamic diameter and polydispersity of BSA protein molecules in solution using a particle size analyzer (ZetaPALS, Brookhaven Instruments, Holtsville, NY, USA) that is equipped with a 658.0 nm monochromatic laser. Measurements were taken at a 90° scattering angle and the BIC Particle Sizing software (v5.27; Brookhaven Instruments) was used to analyze the intensity autocorrelation function in order to obtain the intensity-weighted Gaussian size distribution. The temperature in the measurement chamber was controlled with a feedback loop and measurements of a protein sample were first recorded at 25 °C, followed by heating and increasing the temperature from 50 °C to 75 °C in 5 °C increments. After each temperature step increase, the measurement chamber was equilibrated for 5 min before the DLS measurement was performed. In select time-dependent measurements, the temperature in the measurement chamber was first raised from 50 °C to 55 °C before maintaining a constant temperature at 60 °C and measuring protein size every 10 min for 200 min. All reported values were obtained from 5 technical replicates.
Circular dichroism spectroscopy. Circular dichroism (CD) spectroscopy experiments were conducted using an AVIV Model 420 CD spectrometer with the AVIV CDS software package (v3.36 MX) (AVIV Biomedical, Lakewood, NJ, USA). CD spectroscopy measurements were conducted using 400 µL solutions of 2.5 µM BSA samples in a 1 mm path length cuvette with a PTFE stopper (catalog no. 110-QS; Hellma, Müllheim, Germany). The measurements were recorded with a 1 nm spectral bandwidth, 0.5 nm step size, and an averaging time of 0.1 s. Elevated temperature experiments were conducted by increasing the temperature in the measurement chamber in 5 °C increments from 50 to 75 °C and recording the spectra at every temperature point after a 5 min equilibration time. All resulting spectra were processed by subtracting a background spectra of equivalent solution conditions without BSA protein and the data were presented in mean residue molar ellipticity ([θ]) units based on the following equation:
[θ](degree cm 2 dmol -1 ) = millidegrees n × c × l × 10 (1) where n is the number of amino acid residues, c is the protein molar concentration, and l is the cuvette path length in cm. All CD spectra were smoothed by using the Savitzky-Golay 54 smoothing function with a smoothing window of 20 points and a polynomial order of 2 in the OriginPro 2019b (v9.6.5.169) software package (OriginLab, Northampton, MA, USA). The αhelical percentage of each BSA protein was calculated from the [θ] data at 222 nm ([θ]222) based on the following equation 55 :
Quartz crystal microbalance-dissipation monitoring. Quartz crystal microbalancedissipation (QCM-D) measurements were conducted using a QSense E4 instrument (Biolin Scientific AB, Stockholm, Sweden). A silica-coated AT-cut quartz crystal sensor chip with a fundamental frequency of 5 MHz (QSX 303, Biolin Scientific) was used to characterize protein adsorption onto silica surfaces. The temperature was set to 25 °C for all experiments, and the measurement operation was controlled by the QSoft 401 (v2.5.13.664) (Biolin Scientific) software package. Prior to each experiment, the sensor chips were sequentially rinsed with 1% (wt/vol) aqueous SDS solution, water, and ethanol, and then dried under a gentle stream of nitrogen gas, followed by treatment with oxygen plasma (PDC-002, Harrick Plasma, Ithaca, NY, USA) for 3 min. A peristaltic pump was used to inject liquid samples into the measurement chamber at a volumetric flow rate of 100 µL min -1 . A stable baseline signal was first established in Tris buffer solution before a 100 µM BSA protein was introduced into the measurement chamber for 30 min, followed by a buffer washing step. The resonance frequency (F) and energy dissipation (D) shifts were recorded in real-time at multiple odd overtones, as previously described 56 , and the normalized data at the fifth overtone are reported. The QCM-D data were also analyzed by the Voigt-Voinova model 57 using the QTools (v3.0.15.553) (Biolin Scientific) software package in order to estimate the effective thickness of the adsorbed protein layer formed after buffer rinsing. For this analysis, the adsorbed protein layer was assumed to be a homogenous, single-layer of protein molecules with uniform thickness and with a uniform effective density of 1300 kg m -3 . The density and viscosity of the bulk aqueous buffer solution were fixed at 1000 kg m -3 and 0.001 Pa s -1 , respectively.
The QCM-D technique was also employed to determine the blocking efficiency of BSA coatings against serum biofouling. For these experiments, 100 µM BSA solution was first added to a bare silica surface under continuous flow for 60 min, followed by a 40 min buffer washing step. Undiluted fetal bovine serum (FBS) was then introduced under continuous flow for 80 min, followed by a final buffer washing step for 30 min. The blocking efficiency percentage was calculated by comparing the absolute difference between the frequency shift due to BSA adsorption alone (after first buffer washing step) and the subsequent frequency shift due to FBS biofouling (after second buffer washing step), which is denoted as ΔFFBS-BSA. A control experiment without BSA coating was also conducted in order to measure the absolute frequency shift due to FBS biofouling alone (after buffer washing step), which is denoted as ΔFControl. For each BSA coating, the blocking efficiency percentage was calculated by the following equation:
Blocking efficiency (%) = (1 −
Localized surface plasmon resonance. Ensemble-averaged localized surface plasmon resonance (LSPR) measurements were conducted in optical transmission mode using an Insplorion XNano instrument (Insplorion AB, Gothenburg, Sweden), as previously described 58 . A white light beam illuminating a circular area of ~4 mm 2 is transmitted through a silica-coated sensor chip (Insplorion) consisting of well-separated gold nanodisk arrays (~8% surface coverage) deposited by hole-mask colloidal lithography 59 on a transparent glass substrate. The nanodisks had an average height and diameter of 20 and 120 nm. respectively .and the surface of the sensor chip was conformally coated with a silica film (~10 nm thick).
The light was then passed through a quartz glass window and collected by a spectrophotometer. Prior to each experiment, the sensor chip was sequentially rinsed with 1% (wt/vol) aqueous SDS solution, water and ethanol, then dried under a gentle stream of nitrogen gas. The chip was then treated with oxygen plasma for 2.5 min. The sensor chip was then loaded into the measurement chamber and liquid samples were introduced by a peristaltic pump at a volumetric flow rate of 100 µL min -1 . A stable baseline signal was established in Tris buffer solution before 100 µM BSA was introduced into the measurement chamber under continuous flow for 30 min, followed by a buffer washing step. The Insplorer software package (Insplorion AB) was used to record the LSPR extinction spectra with a time resolution of 1 Hz and the centroid (peak) position () in the extinction spectrum at each time point was calculated by using a high-order polynomial fitting 60 . Thus, it was possible to determine the time-resolved  shift due to protein adsorption and the time-derivative plot of the  shift was also calculated using the OriginPro 2019b software package.
Attenuated total reflection-Fourier transform infrared spectroscopy. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy experiments were conducted using a Bruker Vertex 70 FTIR spectrometer with a liquid-nitrogen-cooled mercury cadmium telluride (MCT) photodetector (Bruker, Baden-Württemberg, Germany) that was equipped with a MIRacle ATR accessory containing a three-reflection ZnSe ATR crystal (PIKE Technologies, Fitchburg, WI, USA). A 30 µL aliquot of 100 µM BSA solution was pipetted onto the ATR crystal to form a droplet, and an absorbance spectrum was immediately recorded to characterize the secondary structure of solution-phase BSA proteins. The BSA was then incubated with the ATR crystal surface at room temperature for 30 min, followed by a series of ten buffer washing steps to remove weakly adsorbed proteins. During each washing step, 30 µL of extra buffer solution (without protein) was added to the sample droplet, followed by aspiration of a 30 µL total volume from the droplet. After the washing steps were completed, then a second absorbance spectrum was recorded to characterize the secondary structure of BSA proteins in the adsorbed state. During measurements, the sample compartment was purged continuously with nitrogen gas to minimize ambient moisture. The OPUS 6.5 software package (Bruker) was used to collect the ATR-FTIR absorbance spectra at a 4 cm -1 resolution and averaged over 128 scans. All recorded spectra were normalized by subtracting background spectra from buffer and water vapor alone in order to remove water and ambient water vapor absorbance artefacts, respectively.
The relative contribution of different secondary structure elements was determined for all samples by curve fitting the amide I bands of the absorbance spectra (1720 -1580 cm -1 ) to Gaussian components based on the peaks identified in the second derivative plot of the absorbance spectra and from literature references 44, [61] [62] [63] [64] . All curve fitting analyses were conducted using the Peak Analyzer function in the OriginPro 2019b software package. The absorbance spectrum obtained from experiment was assumed to be a linear combination of multiple constituent Gaussian peaks, each centered around a given wavenumber value and representing a protein secondary structure element. The secondary structure percentage values were determined by calculating the area under the curve-fitted peaks that had been assigned to each secondary structure element as a fraction of the total area under the fitted curve. Peaks centered at 1682-1678 cm -1 were assigned to β-turn structures, 1656-1654 cm -1 to α-helix, 1649-1648 cm -1 to random coil, 1639-1624 cm -1 to extended chains, and 1618-1612 cm -1 to intermolecular β-sheets.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot. 10% polyacrylamide resolving gels at pH 8.8 and 5% stacking gels at pH 6.8 with fifteen sample loading wells per gel were prepared before experiments. For sample preparation, normal human serum (NHS) was thawed and then immediately diluted to 1% (vol/vol) in Tris buffer, followed by incubation at 37 °C for 30 min. A 180 µL aliquot of diluted NHS was then mixed with 54 µL of 4× Laemmli buffer and 6 µL of 2-mercaptoethanol. The sample mixture was then heated to 95 °C for 5 min for complete denaturation of serum proteins, before cooling back to room temperature. A 10 µL aliquot of protein standards was loaded into the first lane of the polyacrylamide gel and the next two lanes were each loaded with 10 µL of the sample mixture; this sequence was repeated five times in total to fill all lanes within the gel. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was then conducted at 50 V for 15 min, followed by 100 V for 90 min in running buffer.
The protein bands in the gel were then transferred to a nitrocellulose membrane at 300 mA for 2 h in transfer buffer, and ice packs were used to keep the transfer buffer cool during the transfer process. After the transfer step, the membranes were cut into strips, each one containing the three lanes of protein standards (lane 1) and serum samples (lanes 2-3) . Blocking solutions were prepared using fatted or defatted BSA [3% (wt/vol) BSA in TBST; BSA 1 or 5] and each strip was incubated with 5 mL of the appropriate BSA blocking solution at room temperature for 1 h. The membranes were then incubated with complement C3b monoclonal antibody as the primary antibody (1:500 dilution in blocking solution) overnight. Each membrane was then washed with TBST for 10 min. After three washing steps, the membranes were incubated with HRP-conjugated goat anti-mouse IgG secondary antibody (1:2000 dilution in blocking solution) for 1 h, followed by four subsequent washing steps with TBST.
The membranes were then incubated with Clarity Max Western ECL substrate for 5 min in order to enhance chemiluminescence properties. All incubation and washing steps were conducted on a rocking platform. The protein bands were subsequently imaged using an Amersham Imager 600 instrument and its accompanying software (v0.9.8) (GE Healthcare, Chicago, IL, USA) with a 1 s exposure time. The Fiji/ImageJ software package 65 was then used to quantify the intensity of the noise bands that were located near the 250, 75, and 50 kDa molecular weight markers. The digital image of the blots was first set to 8-bit greyscale, and then an intensity profile from each selected lane was plotted using the Analyze Gels function. The peaks from non-specific bands of interest were identified and a baseline was created by drawing a straight line between the two minima points on either side of each peak of interest. The Wand tool was then used to determine the area bounded by the peak and the baseline. These values were defined as the intensity values for each selected non-specific band.
Enzyme-linked immunosorbent assay. The MicroVue SC5b-9 Plus Enzyme Immunoassay kit (catalog no. A020; Quidel, San Diego, CA, USA) was used for enzyme-linked immunosorbent assay (ELISA) experiments. BSA-coated silica nanoparticle samples were prepared by mixing equal volumes of the appropriate 1 mg mL -1 BSA solution with 2 mg mL -1 silica nanoparticles in Tris buffer. The mixtures were then incubated at 37 °C for 2 h, followed by centrifugation at 16,000×g for 30 min. The supernatants were removed and the nanoparticles were resuspended with fresh Tris buffer. Another round of centrifugation and resuspension was conducted to yield 1 mg mL -1 BSA-coated silica nanoparticle samples. A 10 µL aliquot of each BSA-coated silica nanoparticle sample was then mixed with a 40 µL aliquot of freshly thawed normal human serum (NHS). A 50 µL aliquot of NHS by itself was used as the negative control (lowest level of complement activation) and 10 µL of 1 mg mL -1 uncoated silica nanoparticles plus 40 µL NHS was used as the positive control (highest level of complement activation). All test samples were incubated at 37 °C for 30 min.
The assay was then performed using the 96-well plates that were provided in the ELISA kit according to the manufacturer's instructions. All serum samples, including controls, were diluted 40-times by using the provided sample diluent solution before addition to the wells. Standard solutions were added without dilution. The absorbance values from each well were determined by an Infinite Pro 200 plate reader (Tecan, Männedorf, Switzerland). Standard curves were calculated by correlating the known concentrations of the standard solutions to the respective absorbance values. The SC5b-9 protein concentration in each sample was then computed. The degree of protection afforded by each BSA coating was calculated by treating the SC5b-9 protein concentrations from the negative and positive control samples as 100% and 0% protection, respectively.
Statistical analysis.
Statistical analyses were conducted using the GraphPad Prism (v8.0.1) software package from GraphPad Software (La Jolla, CA, USA). One-way or two-way analysis of variance (ANOVA) with the appropriate multiple comparisons test and the unpaired t-test were used to compute the statistical significance of experimental data as appropriate. All statistical analysis involved two-tailed tests. Unpaired t-tests results are reported as P values while multiple comparisons test results are reported as multiplicity-adjusted P values. P < 0.05, P < 0.01, P < 0.001 and P < 0.0001 indicate the levels of statistical significance. Additional information can be found in Supplementary Tables 6-15 .
Data Availability. All data supporting the findings of this study are available within this Article and its Supplementary Information files, and from the corresponding authors upon reasonable request.
